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Abstract
It is shown that the ratio of the deuteron and proton analysing powers in proton-deuteron elastic scattering at small
angles is sensitive to subtle effects in a theoretical description. These include the transverse spin-spin term in the
elementary nucleon-nucleon amplitudes and double-scattering corrections. On the other hand there is far less sensitivity
to the spin-orbit amplitude and to binding or other kinematic effects associated with the use of the deuteron, as either
target or projectile. The available data are in agreement with the results of a refined Glauber theory model.
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In the analysis of their data on proton-deuteron elas-
tic scattering at 796 MeV, the authors of Ref. [1] pointed
out that, at small c.m. momentum transfer ~q between the
initial and final proton momenta, the proton analysing
power Apy is dominantly determined by an interference of
charge-average spin-independent mucleon-nucleon ampli-
tudes with the corresponding spin-orbit term. This is in
contrast to the differential cross section, which is signifi-
cantly reduced by the interaction of the proton with both
constituents of the deuteron [1]. If this approach provides
a good approximation for Apy, one should check whether
it leads to a reasonable description of the deuteron vector
analysing power Ady. It is the purpose of this note to com-
pare the values of Apy and A
d
y in pd elastic scattering by
evaluating the ratio
R = Ady/A
p
y (1)
at various beam energies and momentum transfers in order
to investigate deviations from the simple model proposed
in [1] which, as discussed in the Appendix, would suggest
that R = 2/3.
Any investigation of R is hampered by a lack of data on
either Apy or A
d
y at similar energies per nucleon. However
at 796 MeV, in addition to the Apy data given in [1], there
are also measurements from COSY-ANKE [2]. These are
complemented by measurements of the deuteron analysing
power in dp elastic scattering in the 800 MeV per nucleon
region [3, 4, 5]. The resulting values of R are reported
in Fig. 1 as function of the magnitude of the momentum
transfer q. The error bars are statistical and do not take
into account the systematic uncertainties associated with
the beam polarisations in the various experiments.
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By using a polarised deuterium target, together with a
polarised proton beam, it was possible at IUCF to mea-
sure both the proton and deuteron analysing powers in pd
elastic scattering in the same experiment [6]. The results
obtained at 135 and 200 MeV are also shown in Fig. 1
though, for clarity of presentation, these have been dis-
placed downwards by 0.4 and 0.2, respectively.
The only other published data where the ratio can be
evaluated were taken at 250 MeV per nucleon [7, 8] but,
due to the lack of small angle deuteron data, only two
points could be used and these yielded R = 0.65 ± 0.03
and R = 0.66 ± 0.01 at q = 1.45 fm−1 and 1.59 fm−1,
respectively. These values are clearly compatible with R =
2/3, especially if one adds to the statistical errors the 3%
systematic uncertainty in the beam polarisations.
The data shown in Fig. 1 are more or less consistent
with the simple-minded expectation of R = 2/3 at low
q but the values of R appear not to be constant. It is
therefore of interest to see what q dependence is to be
expected in more realistic theoretical models. The most
transparent approach, especially at the higher energies, is
a generalisation of the Glauber eikonal model [9]. Here all
the spin-dependence of the nucleon-nucleon amplitudes is
retained [10], though the cancellation of the higher order
terms [11] can no longer be guaranteed because of the non-
commutativity of some of the amplitudes. Though this
approach has been used to describe the differential cross
section [12], it can also be used in the study of polarisation
observables [10]. For example, the individual analysing
powers have already been studied in this model at 135MeV
and 200 MeV [13].
In the Glauber model, the pd → pd elastic scattering
amplitude contains terms corresponding to single and dou-
ble scattering of the proton on, respectively, one or two nu-
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Figure 1: Values of the ratio R of the deuteron to proton analysing
powers measured in proton-deuteron elastic scattering. In order to
minimise the confusion caused by the overlap of data obtained at the
different proton beam energies noted, the data and calculation at 200
and 135 MeV have been lowered by 0.2 and 0.4, respectively. The
(black) star values at Tp = 800 MeV were obtained by combining the
Ady data of Ref. [3] with the A
p
y data of Ref. [2]. The (black) inverted
triangles used instead the later Ady data of the same group [5]. If the
results of Ref. [1] had been used for Apy the experimental values of R
would be lowered by about 3%. The data at 135 MeV (blue trian-
gles) and 200 MeV (red circles) are IUCF measurements [6], where
both the deuteron and proton analysing powers were studied in the
same experiment. The curves were evaluated in the refined multiple
scattering scheme [10] using all the spin dependence of the NN am-
plitudes as determined in a partial wave analysis [14]. The dashed
lines correspond to the single-scattering approximation, whereas the
solid lines represent the full model of Ref. [10]. In general the full
model describes the q dependence quite well, though the first IUCF
points [6] are more problematic, especially given that R must vary
like A+ Bq2 for small values of q,
cleons in the deuteron. The original approach [9] neglected
spin degrees of freedom of the particle scattering from the
deuteron. These have been included by later authors in a
refined Glauber model [10, 15], where the single and dou-
ble scattering are evaluated using the full spin dependence
of the on-shell nucleon-nucleon amplitudes. Because of the
size of the deuteron, single scattering dominates at small
momentum transfer ~q but the size also means that the sin-
gle scattering falls fast with q and the double scattering,
where the momentum transfer is shared between the two
nucleons in the deuteron, then plays a more important
role.
In the single-scattering approximation the proton or
deuteron analysing powers at small q result from an inter-
ference between the NN charge-average spin-orbit ampli-
tude and combinations of the spin-independent and trans-
verse spin-spin amplitudes [10]. The value of R = 2/3 at
small q follows after neglecting the spin-spin term1. Given
that this amplitude is generally small [14], it is not sur-
prising that the single-scattering predictions in Fig. 1 are
close to 2/3. The deviations from this value are gener-
ally much better reproduced by the full (single + double-
scattering) model than the single-scattering calcullation,
though at 800 MeV there seems to be a systematic differ-
ence of about 7%. This may be largely due to uncertainties
in the beam polarisation and, indeed, if the earlier Apy val-
ues [1] had been used, the discrepancy would be reduced
to about 4%.
As seen in Fig. 1, even in the single scattering ap-
proximation there is a q dependence arising, among other
things, from the small NN amplitudes and the deuteron
D-state. Although both Apy and A
d
y vanish as q → 0, their
ratio approaches a finite limit. In Table 1 are shown the
predictions for R at q = 0 in the refined Glauber model [10]
for a variety of proton beam energies where there are ei-
ther proton or deuteron data. The table shows that, at
low values of q, there is very little difference between the
predictions of the full model and those where only single
scattering is considered.
Table 1: Predicted values of the ratio of deuteron to proton analysing
powers in pd elastic scattering as q → 0. The single (SS) and full
(SS +DS) models of Ref. [10] were evaluated using as input a par-
tial wave analysis of the nucleon-nucleon amplitudes [14]. The table
shows the small deviations of R from 2/3.
Tp 100(R− 2/3)
MeV SS SS+DS
135 −1.09 −1.24
200 −0.82 −0.73
250 −1.02 −0.81
450 −2.25 −1.55
600 −4.28 −3.31
800 −2.75 −2.00
1000 −0.36 0.25
1125 1.84 2.35
1135 2.04 2.53
It follows from the results given in Table 1 that, within
the refined Glauber model, most of the deviations of R
from 2/3 at q = 0 are due to the spin-spin term in single
scattering; the modifications due to the double scatter-
ing are small in comparison and may be estimated from
theory with sufficient precision. Using the notation of
Platonova and Kukulin [10], the single-scattering approx-
imation gives, to lowest order in A10/A1,
Re{A∗2A10}/Re{A
∗
2A1} =
9
2
(R− 2
3
). (2)
Here A1 is the dominant spin-independent amplitude, A2
is the spin-orbit amplitude, and A10 is the transverse spin-
1The 2/3 factor is discussed further in the Appendix.
2
spin amplitude, all in the limit of q → 0. The small rela-
tivistic correction to the spin-orbit amplitude [16, 10] van-
ishes as q → 0 and has here been neglected.
It can be seen from Eq. (2) that the ratio is indepen-
dent of the size of the spin-orbit amplitude and so binding
corrections to the spin-orbit amplitude are of little impor-
tance. As a consequence, a precise measurement ofR could
provide some information on the NN transverse spin-spin
amplitude in the forward direction that is independent of
the extraction of the imaginary part of amplitude via the
spin dependence of total cross sections and the evaluation
of the corresponding real part from forward dispersion re-
lations [17].
The analysing powers of both the proton and deuteron in
the pd→ pd scattering have similar shapes as functions of
q [6]. However, due in part to the multiple scattering, the
position of the zeroes in Apy and A
d
y are displaced slightly
and so in this region their ratio can fluctuate strongly. For
smaller values of q, which are those shown in Fig. 1, the
ratio R varies little from its standard value of 2/3. Never-
theless, its q dependence is quite similar to that expected
on the basis of the refined Glauber model, where the spin
dependence of the double scattering is taken seriously [10].
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Figure 2: Difference between the predictions of the refined Glauber
model [10] without (R) and with (Rf) the NN spin-spin contribution
at 800 MeV expressed as a percentage of their average.
At 800 MeV the predictions of the ratio R in the refined
Glauber model are better than those for the individual pro-
ton and deuteron analysing powers [18]. This is to be con-
trasted with the good agreement found for both analysing
powers at both 135 MeV and 200 MeV [13]. This brings
into question the reliability of the input NN amplitudes
at the higher energy, If the proton and deuteron polar-
isations can be well controlled at the 1% level then the
value of R could yield information on the nucleon-nucleon
amplitudes. This is illustrated in Fig. 2, which shows the
predicted influence of the nucleon-nucleon spin-spin am-
plitudes on the values of R. Typically the effects are on
the 2-3% level and measurements must be better than this
to yields a meaningful constraint on the spin-spin ampli-
tudes.
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Appendix: The single-scattering model
The simplest model that can generate both proton and
deuteron non-zero analysing powers in dp elastic scattering
has a transition operator of the form
Mˆ = a+ ibσˆy + icSˆy. (3)
Here σˆy and Sˆy are operators acting, respectively, on the
spins of the proton and deuteron. The proton analysing
power results from an interference between the amplitudes
a and b whereas that of the deuteron is due to an interfer-
ence between a and c. Straightforward calculations yield
Apy = 2Im{ab
∗}/[|a|2 + |b|2 + 2
3
|c|2],
Ady =
4
3
Im{ac∗}/[|a|2 + |b|2 + 2
3
|c|2]. (4)
However, in the single scattering approximation at low q,
neglecting the small relativistic correction [16], the spin-
dependent amplitudes are equal, b = c [10]. It then follows
that Ady =
2
3
Apy, where the 2/3 factor actually arises from
the fact that for Ady one has to sum over the two spin
projections of the proton, whereas for Apy the sum is over
the three spin projections of the deuteron. Deviations from
2/3 at low q are primarily due to the spin-spin amplitudes
and the double scattering, both of which are included in
the refined Glauber model [10].
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